Apoptosis-antagonizing transcription factor (AATF), also termed Che-1, was identified as interacting protein of Dlk/ZIP kinase and RNA polymerase II, respectively. Che-1 has additionally been shown to bind Rb, thereby activating transcription factor E2F and promoting cell cycle progression. Moreover, AATF enhances steroid receptor-mediated transactivation in a hormone-and dose-dependent manner (Leister, P., Burgdorf, S., and Scheidtmann, K. H., (2003) Signal Transduction 3, 18 -25). These data suggest that AATF exerts its functions through interaction with different transcription factors. In search of novel interaction partners of AATF, we identified the tumor susceptibility gene product TSG101, which had also been recognized as a co-regulator of nuclear hormone receptors. Interestingly, TSG101 and AATF functioned as cooperative coactivators in androgen receptor-mediated transcription. Because TSG101 was also shown to play a role in regulation of ubiquitin conjugation, we asked whether its coactivating function might be linked to ubiquitination. Indeed, TSG101 enhanced monoubiquitination of the androgen receptor in a ligand-dependent manner, and this correlated with enhanced transactivating capacity. Furthermore, a dominant-negative mutant of ubiquitin preventing polyubiquitination also stimulated androgen receptor-mediated transcription, which in this case could not be enhanced by TSG101. We propose that TSG101 activates androgen receptor-induced transcription by transient stabilization of the monoubiquitinated state, thus revealing a novel regulatory mechanism for nuclear receptors.
was first identified as a protein interaction partner of Dlk/ZIP kinase (1) . Dlk/ZIP kinase, in turn, is a member of the deathassociated protein kinase family that plays a role in different processes like apoptosis (reviewed in Ref. 2 ) and mitosis (3) . AATF was shown to interfere with Dlk-induced apoptosis, thus explaining its name (1) . AATF is conserved from yeast to man, suggesting that it fulfills an important function. Indeed, the mouse ortholog (termed traube) has been shown to play an essential role in early embryogenesis (4) . Moreover, the human ortholog of AATF (termed Che-1) was independently identified as an interacting protein of the RNA polymerase II, subunit 11, and the tumor-suppressor protein Rb (5) . This latter interaction releases the repression function of Rb on E2F-mediated transcription, presumably by displacing histone deacetylase-1 from the Rb⅐E2F complex, thereby promoting cell cycle progression (6) . Thus, AATF/Che-1 appears to play a role in cell cycle control. Consistent with this assumption is its down-regulation upon TGF-␤-induced differentiation (7) .
The AATF protein has a modular structure. At its N terminus it contains an acidic region that is characteristic of several transcription factors, such as VP16 or BRCA-1. In its C-terminal half, it contains three highly conserved regions, the significance of which is not known. Furthermore, AATF contains a leucine zipper and three LXXLL motifs, the latter of which are characteristic interaction motifs of coactivators for nuclear hormone receptors (8) .
Nuclear hormone receptors (NR) comprise a large family of ligand-dependent transcription factors that play a role in diverse physiological processes like cell cycle control, differentiation, and apoptosis. They are classified into three classes. Class I includes the classical steroid hormone receptors (androgen, estrogen, glucocorticoid, progesterone, and mineralocorticoid receptor), class II receptors comprise non-steroid hormone receptors (thyroid, vitamin D, and retinoic acid receptor), and class III are the so-called orphan receptors for which the ligands or functions have yet to be identified. One of the best studied examples is the androgen receptor (AR). Like other members of the NR superfamily, AR contains four conserved functional domains: an N-terminal ligand-independent transactivation domain AF-1 (activation function 1), a central DNAbinding domain (DBD), a C-terminal ligand binding domain (LBD) containing the ligand-dependent transactivation domain (AF-2), and a hinge region connecting the LBD and the DBD. In the absence of hormone, AR is kept inactive in the cytoplasm by complex formation with HSP90. After activation by testosterone, AR is translocated to the promoter or enhancer regions of target genes where it can activate transcription (for reviews, see Refs. 9 and 10).
Recent studies revealed that NRs mediate their function by the recruitment of coregulators (coactivators or corepressors). These coregulators are involved in modification and remodeling of chromatin, and they facilitate the interaction between transcriptional activators and the general transcription machinery. Thus, several histone acetyl transferases and methyl transferases like SRC-1/p160, p300/cAMP-response elementbinding protein-binding protein, or CARM-1, respectively, have been identified as coactivators of NR, whereas corepressors exhibit or recruit histone deacetylase activity (reviewed in Refs. [11] [12] [13] . Many coactivators can interact directly with the LBD of activated receptors via an LXXLL signature motif (8, 14) . AATF contains three LXXLL motifs. A recent investigation on their significance revealed that AATF can indeed directly interact with NRs and enhance NR-mediated transactivation in a hormone-dependent manner (15) . Thus, AATF behaved like a bona fide coactivator of NR. Together with the data on Rb-E2F, these findings suggest that AATF exerts its functions through interaction with different transcription factors and may, in fact, be a more general coactivator of transcription.
In search of further interaction partners of AATF, we identified the TSG101 (tumor susceptibility gene 101) protein as a putative complex partner. TSG101 was originally identified by random gene inactivation to isolate putative tumor suppressor proteins (16) . Inactivation of tsg101 led to malignant transformation of NIH3T3 cells. However, tsg101 might also have a growth-promoting function as suggested from different knockout models. tsg101 knock-out mice die by day 6.5 and fail to induce mesoderm upon gastrulation (17) . Cells derived from knock-out embryos exhibit a dramatic decrease in proliferation, presumably due to accumulation of p53 and p21 (17) and inhibition of CDK2 activity (18) . These data can be explained by recent findings showing that TSG101 is included in the MDM2-p53 regulatory circuit. The levels of MDM2 and p53 are tightly balanced: MDM2 is a target gene of p53, which in turn is targeted by MDM2 for degradation through its ubiquitin ligase activity (reviewed in Ref. 19 ). TSG101 stabilizes MDM2, which then leads to down-regulation of p53 (20) . Consequently, loss of TSG101 would result in up-regulation of p53.
Stabilization of MDM2 by TSG101 seems to be due to inhibition of ubiquitination (20) , consistent with the notion that TSG101 might play a regulatory role in the ubiquitin system (21, 22) . Initial studies on the biochemical function(s) of TSG101 revealed an interaction with nuclear hormone receptors and down-modulation of their transactivation activities (23) (24) (25) . More recent investigations, however, point to a role in ubiquitination-dependent processes. TSG101 contains at its N terminus a region with high homology to ubiquitin conjugases. However, the cysteine residue in the active center, which normally mediates the covalent linkage to ubiquitin, is replaced by tyrosine. Therefore, TSG101 was proposed to be a dominant negative regulator of ubiquitination (21, 22) . The findings that TSG101 stabilizes proteins like MDM2 and p21 are consistent with this idea (20, 26) . Moreover, TSG101 has been implicated in protein sorting and virus budding, both of which include ubiquitination events (27) (28) (29) .
In the present investigation, we identified TSG101 as an interaction partner of AATF. Because both TSG101 and AATF have individually been characterized as coregulators of nuclear hormone receptors, we investigated a possible functional relationship of these proteins. Both AATF and TSG101 functioned as synergistic coactivators of the AR. Furthermore, we investigated a possible link between ubiquitin-related functions of TSG101 and transcription. Interestingly, TSG101 enhanced monoubiquitination of the AR, and this modification correlated with transcriptional activation. We propose that TSG101 stimulates androgen receptor-induced transcription by promoting its monoubiquitination, thus revealing a novel regulatory mechanism for nuclear receptors.
EXPERIMENTAL PROCEDURES
Plasmids-For the yeast two-hybrid screen, fragments of AATF cDNA (encoding amino acids 396 -523 or 447-523) were cloned into pGBT9 (Clontech, Heidelberg, Germany). For expression of fusion proteins bearing the GAL4 transactivation domain, inserts were cloned into pGAD424 (Clontech). For the expression and purification of GST fusion proteins, TSG101 was cloned into pGEX-6T (Amersham Biosciences). For expression studies, TSG101 was cloned into pEGFP-C1 (Clontech). A plasmid encoding the AR under the control of the SV40 promoter (SV-AR0) was kindly provided by A. Brinkmann (Erasmus University, Rotterdam, The Netherlands). An expression vector for human TSG101 was kindly provided by S. Cohen (Stanford University). For transient expression assays, AATF and rat TSG101 were cloned into pCMV-Tag2 (Stratagene, La Jolla, CA), thereby adding a FLAGtag to the N terminus. Expression plasmids for His 6 -tagged ubiquitin (H 6 M-Ub) and the dominant negative ubiquitin mutant (H 6 M-UbK48R) were a kind gift from R. Kopito (Stanford University). All cloning experiments were performed using standard methods. Expression plasmid encoding E2F and E2F-responsive cdc25 promoter-luciferase reporter construct were a kind gift from K. Helin, Milan, Italy. Expression plasmids encoding rat p53 and p53-responsive mdm2 promoter-luciferase reporter were described previously (30) .
Yeast Two-hybrid Screen-The Matchmaker GAL4 two-hybrid system (Clontech) with the yeast strain AH109 was used in this study. A total of 8.6 ϫ 10 5 colonies was screened as described before (31) . The cDNA insert of the positive clones was amplified by PCR using the whole cell yeast PCR kit (Qbiogene, Grü nberg, Germany) and 5Ј-CCAAACCCAAAAATGGAGATCGAATTC-3Ј and 5Ј-CTAGAGTCGAC-CCGGGCTCGA-3Ј as primers and analyzed by sequence analysis (AG-OWA, Berlin, Germany).
Isolation of Full-length Rat TSG101-Total RNA was isolated from rat fibroblast cell line REF52.2 using the Qiagen RNeasy mini-kit (Qiagen, Hilden, Germany) and reverse-transcribed using the Superscript II RT (Invitrogen). Rat TSG101 was then amplified by PCR from the cDNA using 5Ј-GCACTAGAATTCATGGCGGTGTCCGAGAG-3Ј and 5Ј-GAGCTTGTCGACTCAGTAGAGGTCACTAAGGCC-3Ј as primers. The resulting PCR product was verified by sequence analysis.
In Vitro Binding Assays-GST pull-down assays were performed using full-length TSG101 fused to GST as binding matrix and in vitro translated [ 35 S]methionine-labeled AATF. GST⅐TSG101 was expressed in Escherichia coli M15 and immobilized on glutathione-Sepharose beads. In vitro translation of AATF was performed in the TNT-T7/T3-coupled reticulocyte translation system (Promega). Binding of AATF was carried out in phosphate lysis buffer (20 mM sodium phosphate, pH 8.0, 140 mM NaCl, 3 mM MgCl 2 , 0.5% Nonidet P40, 1 mM dithiothreitol, 50 M leupeptin,) at 4°C for 3 h. Thereafter, the beads were washed twice with phosphate lysis buffer, bound proteins were eluted with 2 ϫ SDS sample buffer, separated by SDS-PAGE, and visualized by fluorography.
Mammalian Cell Culture and Transfection-REF52.2, CV1 and Rat-1 cells were maintained in Dulbecco's minimal essential medium (Sigma) supplemented with 10% fetal bovine serum (Biochrom Seromed, Berlin, Germany). MCF-7 (human breast carcinoma) and PC3 (human prostate carcinoma) cells were grown in RPMI medium containing 10% fetal calf serum. Transfections were carried out either by calcium phosphate coprecipitation, as for Rat-1, or by lipofection with jetPEI (QBiogene) (MCF-7 and PC3) or LipofectAMINE (Invitrogen) (REF52.2 and CV1) according to the manufacturers' instructions.
Immunofluorescence Analysis-Transfected cells were washed twice with phosphate-buffered saline (PBS), fixed with 3% paraformaldehyde in PBS for 15 min, washed again, and permeabilized and blocked in 0.1% Triton X-100, 5% dry milk, and 1% goat serum in PBS for 1 h. Cells were incubated with a mouse monoclonal antibody against TSG101 (sc-7964; Santa Cruz Biotechnology) (1:500) for 1 h, washed again, and incubated with goat anti-mouse Cy3-conjugated secondary antibody (Dianova, Hamburg, Germany) (1:500) for 30 min. 4Ј,6-diamidino-2-phenylindole staining was performed with 1 g/ml 4,6-diamidino-2-phenylindole for 15 min. The subcellular distribution of expressed proteins was analyzed by fluorescence microscopy with an Axioplan fluorescence microscope (Zeiss, Oberkochen, Germany).
Transactivation Assays-For transactivation assays, 2 ϫ 10 5 cells were plated on 35-mm Petri dishes and transfected with the indicated amounts of reporter construct, bearing the luciferase gene driven by the mouse mammary tumor virus (MMTV) promoter, and expression plasmids. The total amount of transfected DNA was balanced by supplementing with pCMV-Tag2B empty expression vector. After transfection, cells were treated with 10 nM dihydrotestosterone for another 16 h. Induced cells were washed twice in phosphate-buffered saline and harvested in lysis buffer (100 mM KHPO 4 , pH 7.8, 0.2% Triton X-100, 1 mM dithiothreitol). Luciferase activity was determined in a reaction mixture containing 20 mM Tricine, 1 mM MgCO 3 , 2.6 mM MgSO 4 , 0.1 mM EDTA, 33.3 mM dithiothreitol, 270 M coenzyme A, 470 M D-luciferin, and 530 M ATP and measured in a Lumat LB9501 luminometer (Berthold, Bad Wildbad, Germany). All transactivation experiments were performed in triplicate and repeated at least twice.
In Vivo Ubiquitination Assay-Ubiquitinated proteins are rapidly degraded by the proteasome pathway and are therefore difficult to analyze. To circumvent this problem, His-tagged recombinant ubiquitin has been employed. This allows isolation and purification of ubiquitinated proteins on Ni columns under denaturing conditions, that is, upon inactivation of the proteolytic system (32) . Plasmids H 6 M-Ub encoding His-tagged ubiquitin or H 6 M-UbK48R, a dominant negative mutant of ubiquitin that cannot be further ubiquitinated (33), were kindly provided by R. Kopito (Stanford University). Plasmids were introduced into MCF-7 cells by cotransfection with plasmids expressing AR and TSG101. 16 h after transfection, cells were induced with 10 nM dihydrotestosterone. After another 8 h, 2 M MG132 (Calbiochem) was added for an additional 16 h. Cells were harvested in denaturing lysis buffer (6 M guanidine hydrochloride, 100 mM NaH 2 PO 4 , 20 mM imidazole, 10 mM Tris-HCl at pH 8), sonicated on ice for 1 min, and incubated with Ni-NTA-agarose (Qiagen) for 1 h. Thereafter, the beads were washed four times with washing buffer (8 M urea, 100 mM NaH 2 PO 4 , 20 mM imidazole, 10 mM Tris-HCl at pH 6.2), eluted with 2 ϫ SDS sample buffer, separated by SDS-PAGE, and analyzed by Western blotting using anti-AR antibody (sc-13062; Santa Cruz Biotechnology).
RESULTS

Identification of TSG101 as an Interaction
Partner of AATF-To identify protein interaction partners of AATF, a yeast two-hybrid screen was performed using a cDNA library derived from SV40-transformed rat fibroblasts. Because the acidic domain at the N terminus of AATF displays transactivation activity in a Gal4-linked reporter assay in yeast, we employed a C-terminal fragment spanning a region from amino acid 396 to 523 as bait. This fragment contains two of three highly conserved sequence stretches, CR2 and CR3, and includes one of three LXXLL NR interaction motifs (7), thus providing a suitable bait for two-hybrid screening. One of the putative interaction partners isolated was TSG101. TSG101 was originally identified by random gene targeting as a gene whose inactivation leads to malignant transformation (16) . Isolation of the plasmid encoding the GAL4 AD⅐TSG101 fusion protein and its retransformation together with the bait plasmid into yeast cells confirmed the interaction. The portion of rat TSG101 isolated from the cDNA library comprised the C-terminal part from amino acids 191 to 391 as deduced from sequence comparison with human TSG101. The full-length clone of the rat ortholog was obtained by PCR. Elucidation of the complete coding sequence predicted a 391-amino acid protein with 97% sequence identity with mouse and 92.6% identity with human TSG101 at the amino acid level, indicating that this protein is highly conserved. Even the yeast homolog Vps23p still displays a similarity of 34%. The complete sequence of rat TSG101 cDNA is available under GenBank TM accession number AY293306. Rat TSG101 contained all structural motifs that were elucidated for human TSG101, an Nterminal region with homology to ubiquitin conjugases (termed Ubc region), a proline-rich region, and a coiled coil motif, including a leucine zipper in the central part, and a C-terminal ␣-helical domain, including a so-called steadiness box (34) (see scheme in Fig. 1A) .
The interaction of AATF and TSG101 was confirmed in vitro by a GST pull-down experiment with full-length TSG101 expressed as GST fusion protein in E. coli and radiolabeled in vitro translated AATF. GST was used as negative control. AATF bound to the fusion protein, but not to GST, as shown in Fig. 1B .
Interaction between AATF and TSG101 Is Mediated by Their C-terminal Regions-To determine the interaction regions between the two proteins, deletion mutants of both AATF and TSG101 were constructed as shown in Fig. 2A and tested for interaction in the two-hybrid system. The AATF construct originally used as bait implied that the interaction domain resided in the C-terminal region of AATF (residues 396 -523). This conclusion was verified by employing this C-terminal fragment of AATF with constructs of TSG101 in the interaction assay (Fig. 2B) . Further deletion of AATF to residue 446 still allowed interaction of the two proteins (data not shown), thus narrowing the interaction domain to the C-terminal 80 residues. Likewise, the portion of TSG101 isolated as two-hybrid clone, comprising residues 191-391, indicated that the interaction with AATF was mediated with the C-terminal half. Accordingly, we created additional mutants in which the N-terminal 235 or 317 residues were deleted. All these constructs, including fulllength wild-type TSG101, were able to bind AATF (Fig. 2B) , indicating that TSG101 also interacts with its C-terminal part (the last 74 residues) comprising the ␣-helical domain. To verify this conclusion, deletion mutants lacking the putative interaction domains were employed in the two-hybrid interaction assay. As expected, these truncated proteins did not interact, neither AATF (1-390) with full-length TSG101 nor TSG101 (1-326) with full-length AATF (Fig. 2C) . Thus, although both proteins contain a leucine zipper, their interaction is mediated by their C termini.
AATF Is Able to Recruit TSG101 to the Nucleus-Next we investigated whether both proteins would colocalize in intact cells. AATF is a nuclear protein (1), whereas TSG101 has been localized to different compartments. It was predominantly localized in the cytoplasm, partially associated with Golgi (35) and endosomes (28) , but showed also some nuclear accumulation during S and G 2 phases (35, 36) . TSG101 was expressed as GFP-tagged fusion protein, and its subcellular localization was analyzed by fluorescence microscopy. As shown in Fig. 3 , GFP⅐TSG101 displayed a punctuate staining in the cytoplasm (Fig. 3, left panels) . Similar patterns were seen by others (28, 36) . This staining pattern was reminiscent of endosomes. To verify this assumption, we performed an endosome uptake experiment in which cells were incubated with Texas Redlabeled ovalbumin. Upon pinocytosis, ovalbumin is translocated to the endosomal compartment and can be visualized by fluorescence microscopy (37) . Indeed, Texas Red-labeled ovalbumin and GFP⅐TSG101 colocalized to a large extent (Fig.  3A, right panel) . A similar distribution was obtained in other cell lines such as REF52.2, HeLa, or Saos-2 cells (data not shown). This subcellular localization of TSG101 is in agreement with a role of TSG101 in endosomal protein sorting (27, 28) . To examine whether endogenous TSG101 shared the same distribution, cells were stained for immunofluorescence with a monoclonal antibody against TSG101. Because of low expression levels, this antibody detected TSG101 only in transfected but not in untransfected cells (Fig. 3B) . Thus, endogenous TSG101 could not be localized in this way, although it could be detected by Western blotting. However, in the GFP⅐TSG101-expressing cells, the antibody revealed a diffuse staining of both cytoplasm and nucleus in addition to the punctuate endosome-associated staining (Fig. 3B ). This diffuse staining was otherwise obscured by the bright GFP fluorescence in the endosomes. Thus, a subpopulation of TSG101 appears to be localized to the nucleus, in agreement with previous data (35, 36) .
We next investigated whether co-expression of TSG101 with AATF might lead to relocation of one of the partners. Under these conditions, TSG101 accumulated in the nucleus, as shown in Fig. 3C . This accumulation was not observed when the C-terminal truncation mutant AATF (1-390) lacking the interaction domain was expressed with full-length TSG101 or vice versa (shown for AATF (1-390) in Fig. 3D) , thus confirming the two-hybrid interaction data (see above). This partial relocation of TSG101 suggests that AATF is able to recruit TSG101 to the nucleus.
AATF and TSG101 Are Both Coactivators of the ARInterestingly, both TSG101 and AATF are coregulators of nuclear hormone receptors. TSG101 has been shown to interact via its coiled coil region with the activation function-1 transactivation domain of glucocorticoid receptor (24) and to repress NR-mediated transcription (23) (24) (25) . AATF, on the other hand, was recently recognized as coactivator of several steroid hormone receptors (15) . Thus, these proteins seemed to affect NRs in opposite ways. To investigate whether TSG101 and AATF might act as antagonistic coregulators of NRs, we performed transient transactivation assays with a luciferase reporter construct driven by the MMTV promoter. This promoter is responsive to androgen and glucocorticoid receptors in a ligand-dependent manner (38) . In a setup experiment, we confirmed that the reporter construct is responsive to AR and dependent on testosterone ( Fig. 4A ; see also Ref. 15) . Surprisingly, including TSG101 in our transactivation experiments resulted in a dose-dependent activation of AR-mediated transcription rather than repression (Fig.  4B) . Again, this co-activation was strictly hormone-dependent. Because these observations are at variance to previously reported data, we asked whether the differences might be due to cell type-specific effects of recipient cells used for transfection or to species-specific differences between rat and human TSG101. When we employed CV-1 cells instead of REF52.2 cells or human TSG101 instead of rat TSG101, AR-mediated transcription was still enhanced by TSG101 as shown in Fig. 4D (compare columns 1 and 3) . The reasons for these discrepancies are not known.
We then included AATF in this assay. AATF can stimulate transactivation by AR, estrogen receptor, and glucocorticoid receptor up to 5-fold in a hormone-dependent manner (15) . Interestingly, coexpression of both TSG101 and AATF resulted in further enhancement of transcription. This effect was more FIG. 3 . Subcellular localization of AATF and TSG101. A, TSG101 colocalizes with endosomes. Cells were transfected with GFP⅐TSG101; 4 h prior to fixation, Texas Red-conjugated ovalbumin (10 g/ml) (Molecular Probes, Leiden, The Netherlands) was added. The merged image shows that TSG101 colocalized with most endosomes that were labeled with Texas Red-ovalbumin. B, anti-TSG101 staining detects TSG101 in the nucleus. GFP⅐TSG101-transfected cells were stained with anti-TSG101 at 24 h post-transfection, revealing diffuse cytoplasmic and nuclear staining in addition to the dot-like endosomal staining. C, coexpression of TSG101 and AATF results in accumulation of TSG101 in the nucleus. Cells were cotransfected with GFP⅐AATF and FLAG-TSG101 and stained with a monoclonal anti-TSG antibody and Cy3-conjugated secondary antibodies. D, deletion mutant AATF 1-390 lacking the interaction domain for TSG101 fails to recruit TSG101 to the nucleus. The AATF mutant was expressed as GFP fusion protein and TSG101 as the FLAG-tagged version, as before. than additive, suggesting a functional cooperation between the two proteins (Fig. 4C) . Again, these results applied for CV1 cells as well as for rat fibroblasts (Fig. 4D) . In CV1 cells, coexpression of AATF with AR caused a 2-fold and that of TSG101 a 4-fold induction of AR-mediated transactivation. Strikingly, coexpression of both proteins caused a more than 50-fold induction.
To investigate which domains of TSG101 were responsible for this cooperative effect, we generated deletion mutants of TSG101 lacking the N-terminal Ubc region (TSG101 142-391) or the C-terminal ␣-helical region containing the interaction domain for AATF (TSG101 1-326) and tested them for coactivating activity. Although both mutants still contained the region required for the interaction with NR (24), they were both impaired in their capacity to enhance AR-mediated transcription (Fig. 4E) . That both mutants were expressed at similar levels as wild type TSG101 was verified by Western blot analysis (Fig. 4F) . These findings suggest that both the Ubc domain and the interaction region for AATF are essential for efficient coactivation by TSG101.
TSG101 Activates AR-mediated Transcription by Affecting Its Ubiquitination
State-The necessity of the Ubc region of TSG101 for its coactivating function led us to investigate a possible involvement of ubiquitination in AR-induced transcription. The rationale for this was 2-fold. First, TSG101 has been shown to be involved in several ubiquitin-dependent processes such as endosomal protein sorting and trafficking (27, 28) and protein stabilization (20, 26) . Second, recent studies suggest a tight connection between ubiquitination/proteasomedependent degradation and transactivation of several transcription factors, including NRs (39 -42) .
We first investigated whether AR is ubiquitinated upon testosterone-mediated activation. Because ubiquitination of target proteins is difficult to analyze, due to their rapid degradation, we included an expression plasmid for His-tagged ubiquitin (H 6 M-Ub) in our transactivation assays. Incorporation of His-ubiquitin into target proteins facilitates their isolation and purification by affinity chromatography on Ni-NTA-agarose under denaturing conditions (32, 33) . That overexpressed H 6 M-Ub was indeed incorporated into AR is demonstrated in Fig. 5A . When total cell extracts were probed on Western blots with antibodies against AR, we observed two forms of AR, the regular form of 90 kDa and a second form with increased apparent molecular mass of about 100 kDa, consistent with monoubiquitination (Fig. 5A, upper part, middle lane) . This upper form accumulated as a result of ubiquitin overexpression and inhibition of proteasomes and was not seen without ectopic expression of H 6 M-Ub (left lane). Upon purification of His-ubiquitin-tagged proteins on Ni-NTA agarose (see "Experimental Procedures"), only the ubiquitinated form was retained and eluted (Fig. 5A, lower part, middle lane) . Polyubiquinated forms were not detected, presumably because of degradation. AR was not retained on the Ni-NTA resin without overexpression of His-tagged ubiquitin (Fig. 5A, lower panel,  left lane) . Significantly, ubiquitination of the AR was liganddependent, because in the absence of testosterone the upper band was almost absent from the lysate and only marginal amounts of ubiquitinated AR were retained by the Ni-NTA matrix (right lanes).
We then investigated whether overexpression of His-tagged ubiquitin would influence AR-mediated transactivation. Indeed, coexpression of AR with H 6 M-Ub (in the absence of TSG101) resulted in an ϳ2-fold enhancement of luciferase expression (Fig. 5B) .
Because polyubiquitination of AR might lead to its rapid degradation, we considered that the monoubiquitinated form seen in Fig. 5A might represent the transcriptionally active form. To address this issue and to distinguish whether the transcriptional enhancement by ubiquitination was due to the modification as such or rather linked to proteasome-mediated degradation (39), we included a dominant negative ubiquitin mutant (H 6 M-UbK48R) (33) . Extension of ubiquitin chains occurs at Lys-48; thus the mutation of Lys-48 to Arg precludes polyubiquitination and, consequently, degradation, which requires proteins to be at least tetraubiquitinated (43) . Indeed, expression of the ubiquitin mutant enhanced AR-mediated transcription even higher (up to 3.5-fold; see Fig. 5B ), suggesting that monoubiquitination of the AR might be critical for efficient activation.
To investigate whether the observed enhancement of transactivation upon overexpression of ubiquitin was specific for AR or due to more general effects on transcription, we performed a set of control experiments. First, the experiment was performed in PC3 cells lacking endogenous AR. Without ectopic expression of AR there was no effect of ubiquitin or of the UbK48 mutant on MMTV promoter-driven transactivation, either in the absence or the presence of hormone (Fig. 5C) . Second, we included other promoter-reporter constructs containing either the viral CMV-promoter or the p53-responsive mdm2-promoter or the E2F-responsive cdc25 promoter. Of these, the CMV promoter was only marginally affected by overexpression of ubiquitin, whereas the mdm2 and cdc25 promoters were even inhibited (Fig. 5D) , presumably reflecting enhanced degradation of p53 or E2F, respectively. The inhibitory effects were less pronounced with the ubiquitin mutant, presumably because it interferes with polyubiquitination and, therefore, with degradation. These data argue against ubiquitin having some generalized effects on transcription.
We then asked whether ubiquitination of AR would be influenced by TSG101, as suggested from the considerations and results discussed above. Indeed, including TSG101 in the in vivo ubiquitination assay lead to a 5-fold increase of the monoubiquitinated form of the AR as shown in Fig. 6A . It should be mentioned that we did not observe significant changes in the half-life of AR by TSG101, as determined by pulse-chase experiments (data not shown). The observed accumulation of monoubiquitinated AR could be interpreted in two ways, either that TSG101 stimulated monoubiquitination or it prevented polyubiquitination. When we included the ubiquitin mutant in this assay, TSG101 had only a minor effect (1.6-fold increase) (Fig. 6B) , suggesting that TSG101 prevents polyubiquitination rather than stimulating monoubiquitination. Including H 6 M-Ub and TSG101 in the transactivation assay resulted in more than 4-fold enhancement of AR-mediated transactivation compared with TSG101 alone (Fig. 6C) . As expected, this enhancement was not further increased with the ubiquitin mutant, suggesting that TSG101 and the ubiquitin mutant influenced AR-mediated transcription in the same way, by preventing polyubiquitination.
DISCUSSION
In this study we identified rat TSG101 as an interacting protein of AATF. Sequence analysis of the rat TSG101 revealed a protein with 93 and 97% sequence identity with human and mouse TSG101, respectively. In particular, all structural features, including the Ubc region, the coiled coil domain along with the leucine zipper, and the C-terminal "steadiness box" were preserved. The interaction between AATF and TSG101 was verified by GST pull-down experiments, and their interaction domains were mapped to their C termini. More importantly, both proteins cooperatively enhanced AR-mediated transcription, thus demonstrating a functional relationship.
Interestingly, both TSG101 and AATF had been independ- ently recognized as coregulators of nuclear hormone receptors. However, human TSG101 was reported to have a repressing effect (23) (24) (25) , whereas AATF was shown to be a coactivator (15) . Therefore, we expected these proteins to behave as antagonists with respect to AR-mediated transcription. Surprisingly, in our hands, TSG101 behaved as a coactivator as well. Coactivation was dose-and hormone-dependent, irrespective of the cellular background or whether rat or human TSG101 was employed in the transactivation assays. Moreover, coexpression of TSG101 and AATF revealed a cooperative rather than antagonistic effect on AR-induced transcription. Finally, the coactivation function of TSG101 and the cooperativity with AATF were lost upon deletion of the interaction domain for AATF from the C terminus of TSG101. Thus, the reasons for the discrepancies to published data are not known.
How do AATF and TSG101 exert their coactivation function? In a simplified view, coactivators may serve in chromatin modification or remodeling or they may act as scaffolds facilitating recruitment of and interaction with the basal transcription apparatus (reviewed in Refs. 12, 13, 44) . AATF contains an extremely acidic region at its N terminus that in other proteins, e.g. Pho4, VP16, or BRCA1, was shown to possess chromatin remodeling activity (45) (46) (47) . Indeed, the acidic domain of AATF exhibited transactivating activity in a GAL4-based reporter gene assay (1) . 2 Furthermore, AATF was shown to interact with RNA polymerase II subunit 11 (5) , suggesting that AATF might act as a mediator or scaffold that provides contacts with the general transcription machinery. The present investigation revealed a further possibility, recruitment of TSG101, as suggested from the relocation of TSG101 to the nucleus in AATFexpressing cells. TSG101, on the other hand, seems to exert its coactivating function via its Ubc domain, which on its own exhibited transactivation activity in a Gal4-based reporter assay (23) .
TSG101 has been postulated to be a (negative) regulator in ubiquitination-dependent processes because of its inactive Ubc domain (21, 22 ) (see the Introduction). Indeed, recent reports confirmed this proposal showing that TSG101 plays a role in protein sorting, trafficking, and stabilization, all of which are linked to ubiquitination. At the late endosomes, proteins destined for degradation are internalized by invagination of the endosomal membrane. For efficient invagination these proteins need to be monoubiquitinated (reviewed in Ref. 48) . TSG101 is thought to recognize these monoubiquitinated proteins and to mediate their internalization (27, 28, 49, 50) . Furthermore, TSG101 is involved in virus budding. In this case, TSG101 binds the L-domain of the retroviral gag protein and promotes its monoubiquitination (29, 51) , which is a prerequisite for viral release (52) . Finally, TSG101 is able to stabilize proteins like MDM2 and p21, presumably by preventing their polyubiquitination (20, 26) . Our data extend these findings to nuclear TSG101 and its role in transcription. As we showed in this study, TSG101 stimulated monoubiquitination of AR in a hormone-dependent manner and this correlated with enhanced transcriptional activity of AR. A similar effect could be achieved by expressing a ubiquitin mutant, K48R, that can be linked to target proteins but prevents their polyubiquitination. The effect of overexpression of ubiquitin on transactivation of the MMTV promoter was clearly not due to general effects on transcription, because it had no or even an inhibitory effect on activation of the CMV promoter or on E2F-or p53-mediated transactivation, respectively. These latter findings are well in agreement with published data showing that proteasome inhibitors impair transactivation by some nuclear receptors (estrogen receptor, progesterone receptor, and thyroid hormone receptor) but not of the CMV promoter or of E2F-, p53-, or SP1-responsive promoters (39) .
There is increasing evidence that ubiquitination and proteasome-mediated degradation of transcription factors are closely linked to their transactivating function. First, components of the ubiquitin/proteasome system, in particular ubiquitin ligase E6-AP, have been recognized as interaction partners or even coactivators of NRs and other transcription factors (39, 53, 54 and further references therein). Second, inhibition of proteasome-mediated degradation resulted in loss of transactivation activity of estrogen receptor (39, 55) , AR (42) , and glucocorticoid receptor (41) . In fact, hormone-dependent transcriptional activation and ubiquitin/proteasome-mediated degradation seem to be interdependent in that blocking the proteasome system inhibits transactivation and inhibiting transcription prevents ubiquitination and proteolytic degradation (55 showing that TSG101 promotes accumulation of the monoubiquitinated form of AR. B, same experiment as in panel A, using the ubiquitination mutant UbK48R that precludes polyubiquitination. In this case, the higher level of monoubiquitination is only marginally enhanced by TSG101. For normalization of transfection efficiency, cells were cotransfected with GFP expression plasmid and GFP was detected by Western blotting, using anti-GFP monoclonal antibody. C, TSG101 further enhances ubiquitin-mediated activation of AR. This effect is not exceeded by the ubiquitin mutant.
pling of activation and degradation might be a means to label those receptor molecules that actively participated in transcription or to facilitate promoter clearance after initiation or to limit hormone-induced gene activation.
It must be assumed, however, that it is not the polyubiquitinated form, destined for degradation, that actively participates in transcription. Rather, there might be a transient state of low, i.e. monoubiquitination, that mediates transcription initiation before it is targeted for degradation. In line with this assumption, expression of the transcriptional activator VP16 in a ubiquitination-deficient yeast strain resulted in loss of its transactivating activity, but this activity could be recovered by covalent linkage of a single ubiquitin residue to the transcription factor (40) . In this case, degradation of the protein remained unaffected. These data indicated that it is ubiquitination, and not ubiquitin-dependent proteolysis, that is crucial for the activation of transcription. Moreover, coupling of a single ubiquitin residue appeared to be necessary and sufficient for activation of the transcription factor.
In our investigation TSG101 caused accumulation of the monoubiquitinated form of AR. This could be because of stimulation of monoubiquitination or prevention of subsequent polyubiquitination. Because TSG101 had little additional effect on monoubiquitination when the ubiquitination mutant was employed, we conclude that TSG101 acts to prevent polyubiquitination.Thisisinagreementwithdatafromtheotherubiquitindependent processes in which TSG101 is involved (see above). Because overexpression of the ubiquitin mutant stimulated AR-induced transcription to a similar extent as coexpression of TSG101 and wild type ubiquitin, we propose (i) that the monoubiquitinated form represents the transcriptionally active form and (ii) that TSG101 can stimulate transcription by NRs by transiently locking them in a monoubiquitinated active state.
From our and recent data from the literature, we propose the following model (see Fig. 7 ). Upon activation by its ligand, the AR is translocated to the nucleus and binds to its response elements where it recruits coactivators such as SRC-1, cAMPresponse element-binding protein-binding protein /p300, CARM-1, and, additionally, AATF, TSG101, and ubiquitin ligase, e.g. E6-AP. Interestingly, TSG101 also binds to p300 (23) and p300 has recently been shown to possess ubiquitin ligase activity (56) . Upon monoubiquitination of the receptor, TSG101 binds to this ubiquitin moiety and locks the receptor in this state until transcription commences. Alternatively, ubiquitination and binding of TSG101 could as well take place in the cytoplasm to protect AR from premature degradation. In any case, during transcriptional initiation additional interactions or post-translational modifications may induce conformational changes, thereby releasing the lock by TSG101 and allowing polyubiquitination and degradation. This facilitates promoter clearance and allows for a new cycle of activation (55) . Our data FIG. 7 . Model of cooperative coactivation by AATF and TSG101. Based on data from this and previously published papers, we propose that upon activation by hormone, AR binds to its response elements and sequentially recruits various coactivators such as SRC-1, CARM-1 (omitted for clarity), AATF, ubiquitin ligase, TSG101, p300, etc. In the model, TSG101 is recruited by AATF and concomitantly binds to the monoubiquitinated receptor, thereby protecting it from polyubiquitination until transcription starts. Upon completion of initiation or transition to elongation, which involve additional interactions or post-translational modifications, TSG101 is released and the receptor is targeted for polyubiquitination and degradation.
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